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INTRODUCTION 

A ful ly  d e v e l o p e d  cav i ty  can  be f o r m e d  b e h i n d  an  o b s t a c l e  m o v i n g  t h r o u g h  w a t e r  
e i t h e r  by  bo i l i ng  of the  w a t e r  in the  l o w - p r e s s u r e  r e g i o n  round  and  b e h i n d  the o b s t a c l e  
o r  by  the  i n j e c t i o n  of a i r  b e h i n d  the  o b s t a c l e .  The  u se  of a i r  i n j e c t i o n  can  g r e a t l y  
e x t e n d  the  cond i t i ons  of s p e e d  and  f r e e  s t r e a m  p r e s s u r e  u n d e r  which  w e l l - d e v e l o p e d  
c a v i t i e s  can  be f o r m e d .  The  a i r  i s ,  of c o u r s e ,  e n t r a i n e d  a t  the  r e a r  of the  cav i ty  and  
le f t  b e h i n d  in the  w a t e r  and  t he  a i r  supp ly  m u s t  be con t inua l ly  m a i n t a i n e d .  

The  a i r  e n t r a i n m e n t  beh ind  a r t i f i c i a l l y  i n f l a t ed  c a v i t i e s  was  f i r s t  i n v e s t i g a t e d  
e x p e r i m e n t a l l y  in the  H y d r o d y n a m i c s  L a b o r a t o r y  a t  the  C a l i f o r n i a  I n s t i t u t e  of T e c h -  
nology (1). In the  C a l t e c h  e x p e r i m e n t s  the  c a v i t i e s  w e r e  f o r m e d  b e h i n d  a c i r c u l a r  
d i s c  s u p p o r t e d  in a f r e e  s u r f a c e  w a t e r  t unne l .  F i g u r e  1 shows  d i a g r a m m a t i c a l l y  how 
the  e n t r a i n m e n t  r a t e  was  found to v a r y  wi th  the  c a v i t a t i o n  n u m b e r ,  o t h e r  p a r a m e t e r s  
be ing  he ld  c o n s t a n t .  T he  p a r t  of the  c u r v e  w h e r e  the  e n t r a i n m e n t  is  n e a r l y  c o n s t a n t  
was  o b s e r v e d  to c o r r e s p o n d  to a c o n f i g u r a t i o n  in which  a r e - e n t r a n t  j e t  o r  s p l a s h  was  
f o r m e d  a t  the  r e a r  of the  cavi ty ;  in t h e s e  c i r c u m s t a n c e s  i t  was  s u p p o s e d  t ha t  the  
w a t e r  e n t e r i n g  the  cav i ty  c o l l e c t e d  a i r  by t u r b u l e n t  e n t r a i n m e n t  and c a r r i e d  i t  down-  
s t r e a m  in fa l l ing  back  t h r o u g h  the  cav i ty  wal l .  In the  r e g i o n  in which  q i n c r e a s e s  
r a p i d l y  wi th  d e c r e a s i n g  a a p a i r  of a i r - f i l l e d  v o r t e x  t u b e s  was  o b s e r v e d  t r a i l i n g  
b e h i n d  the  cav i ty  and  it  was  s u p p o s e d  t h a t  the  v o r t e x  c o r e s  ac t ed  a s  p i p e s  a long  which  
the  a i r  was  r e a d i l y  t r a n s p o r t e d  away f r o m  the  cav i ty .  F r o m  a n a l y s i s  of a n u m b e r  of 
s u c h  e n t r a i n m e n t  m e a s u r e m e n t s  i t  w as  found e m p i r i c a l l y  at  C a l t e c h  t h a t  the non -  
d i m e n s i o n a l  e n t r a i n m e n t  coe f f i c i en t ,  CQd , c o r r e l a t e d ,  a l though  r a t h e r  rough ly ,  wi th  
the  p r o d u c t  aF of c a v i t a t i o n  n u m b e r  wi th  F r o u d e  n u m b e r  b a s e d  on d i sc  d i a m e t e r .  I t  
was  a l s o  found e m p i r i c a l l y  t ha t  the  " twin  v o r t e x "  r e g i m e  he ld  sway when  ~F < 1 and  
the  " r e - e n t r a n t  j e t "  r e g i m e  when  ~F < 1. 

A t h e o r y  of a i r  e n t r a i n m e n t  in the  t r a i l i n g  v o r t e x  r e g i m e  h a s  been  f o r m u l a t e d  by 
Cox and  Clayden  (2), who e m p l o y e d  s o m e  of the  c o n c e p t s  of a e r o f o i l  t h e o r y t o  c a l c u l a t e  
the  s i z e  of the  v o r t e x  c o r e s .  The  t h e o r y  of Cox and  Clayden  c o n t a i n s  one  p a r a m e t e r  
to  be  d e t e r m i n e d  by  f i t t ing  the  t h e o r e t i c a l  p r e d i c t i o n s  to  e x p e r i m e n t a l  da ta .  

The  d i s c o v e r y  a t  C a l t e c h  of the  t r a i l i n g  v o r t e x  r e g i m e  b e h i n d  c a v i t i e s  and the  
a p p l i c a t i o n  by Cox and  Clayden  a t  the  A r m a m e n t  R e s e a r c h  and D e v e l o p m e n t  E s t a b -  
l i s h m e n t  of the  c o n c e p t s  of a e r o f o i l  t h e o r y  to t h i s  s i t ua t i on  a r e  the  m o s t  i n t e r e s t i n g  
c o n t r i b u t i o n s  which  have  been  made  to the  s u b j e c t  of cav i ty  gas  e n t r a i n m e n t .  
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TRAILING VORTEX ~ ~ ~ ~ E - E N T R A N T  JET 
REGIME REGIME. m 

F i g .  1 - T y p i c a l  e n t r a i n m e n t  c u r v e  f o r  a c a v i t y  f o r m e d  
b e h i n d  a g i v e n  d i s c  a t  a g i v e n  s p e e d  

In t h i s  p a p e r  we r e p o r t  s o m e  a i r - e n t r a i n m e n t  m e a s u r e m e n t s  which  we o u r s e l v e s  
have  m a d e .  O ur  e x p e r i m e n t s  w e r e  v e r y  s i m i l a r  to t h o s e  m a d e  a t  Ca l t ech ,  but  a 
s o m e w h a t  l a r g e r  r a n g e  of c o n d i t i o n s  w as  c o v e r e d .  As  it  m i g h t  be s u s p e c t e d  t ha t  
v i s c o s i t y  and  s u r f a c e  t e n s i o n  could  a f f ec t  the  r e s u l t s ,  the  h y p o t h e s i s  t ha t  the  e n t r a i n -  
m e n t  d e p e n d s  e x c l u s i v e l y  on F r o u d e  n u m b e r  and  c a v i t a t i o n  n u m b e r  was  e x a m i n e d  in 
s o m e  de ta i l .  As  t h i s  i nvo lved  the  u s e  of m o d e l s  of d i f f e r e n t  s i z e s ,  p a r t i c u l a r  c a r e  
was  t a k e n  to c o r r e c t  for  the  i n f l uence  of c h a n n e l  b o u n d a r y  e f f ec t s .  

A l so  we p r o p o s e  a m o d i f i c a t i o n  to the  t h e o r y .  The  t h e o r e t i c a l  mode l  o r i g i n a l l y  
p r o p o s e d  by Cox and  Clayden  i s  no t  a p p l i c a b l e  to ou r  e x p e r i m e n t a l  cond i t i ons .  The  
m o d i f i e d  t h e o r e t i c a l  mode l ,  which  i n v o l v e s  no e m p i r i c a l  p a r a m e t e r , *  g i v e s  p r e d i c t i o n s  
of g a s  e n t r a i n m e n t  which  a r e  in b r o a d  a g r e e m e n t  wi th  ou r  e x p e r i m e n t a l  r e s u l t s .  

T H E O R E T I C A L  DISCUSSION 

Cox and  Clayden  (2) poin t  out  t ha t ,  s i n c e  the  p r e s s u r e  in the  cav i ty  i s  f a i r l y  
c o n s t a n t ,  t h e r e  m u s t  be a d i f f e r e n c e  in the  v e l o c i t y  on the  f r e e  s t r e a m l i n e s  c o r r e -  
spond ing  to the  d i f f e r e n c e  in h y d r o s t a t i c p r e s s u r e  at  the top and  b o t t o m  of the  cav i ty .  

* W e  m a k e  u s e  o f  s o m e  e x p e r i m e n t a l l y  d e r i v e d  v a l u e s  o f  c a v i t y  d i m e n s i o n s  b u t  n o  
e m p i r i c a l  p a r a m e t e r  w h i c h  h a s  t o  b e  e v a l u a t e d  f r o m  a i r - e n t r a i n m e n t  m e a s u r e m e n t s  
i s  i n v o l v e d .  
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T h i s  g i v e s  r i s e  to a c i r c u l a t i o n  which  can  be e v a l u a t e d .  Cox and Clayden  t h e n  a r g u e  
tha t  the  func t ion  of the  c i r c u l a t i o n  i s  to  p r o d u c e  a f o r c e  which  i s  equa l  and  oppos i t e  
to the  buoyancy  f o r c e  on the  bubble .  T h i s  e n a b l e s  t h e m  to c a l c u l a t e  t he  d i s t a n c e  a p a r t  
of the  v o r t i c e s  and,  thus ,  t h e i r  i n c l i n a t i o n  to the  h o r i z o n t a l  c a u s e d  by the  v e r t i c a l  
v e l o c i t y  i nduced  by each  of t h e m  at  the  p o s i t i o n  of the  o t h e r .  T h e y  e s t i m a t e  the  
d i a m e t e r  of the  v o r t e x  t ubes  f r o m  the  c i r c u l a t i o n  and  f r o m  the  cond i t ion  t h a t  the  
p r e s s u r e  on t h e i r  b o u n d a r i e s  s h a l l  be c a v i t y  p r e s s u r e .  T h e y  t h e n  t r e a t  the  v o r t e x  
t u b e s  a s  p i p e s  a long  which  the  a i r  i s  t r a n s p o r t e d  away  f r o m  the cav i ty .  In t h i s  v iew 
the  a i r  f lows a long  each  v o r t e x  tube  u n d e r  the  ac t ion  of  a p r e s s u r e  g r a d i e n t  wh ich  i s  
i m p o s e d  by the  h y d r o s t a t i c  p r e s s u r e  v a r i a t i o n  and  so  i s  known f r o m t h e  i n c l i n a t i o n  of 
the  v o r t i c e s  to the  h o r i z o n t a l .  T he  m e a n  a i r  v e l o c i t y ,  v ,  in the  t u b e s  i s  t hen  d e t e r -  
m i n e d  in t e r m s  of an e q u i v a l e n t  f r i c t i o n  coe f f i c i en t ,  4,  for  a i r  f l ow  in the  v o r t e x p i p e s .  
The  coe f f i c i en t  ,\ i s  l e f t  a s  a p a r a m e t e r  to  be d e t g r m i n e d  e m p i r i c a l l y  by f i t t ing  the  
t h e o r e t i c a l  p r e d i c t i o n s  to e x p e r i m e n t a l  r e s u l t s .  

As  wi l l  be  s e e n  l a t e r ,  a p p l i c a t i o n  of t h i s  p i c t u r e  to  ou r  e x p e r i m e n t a l  r e s u l t s  
i m p l i e s  v a l u e s  of vm/v o which  a r e  in m a n y  c a s e s  l e s s  than  uni ty .  V e l o c i t y  v ° i s  the  
f r e e  s t r e a m  ve loc i t y ,  and  the  ax ia l  v e l o c i t y  of w a t e r  n e a r  the  v o r t e x  t u b e s  m a y  be 
s u p p o s e d  to be  a p p r o x i m a t e l y  Vo e x c e p t  in the  i m m e d i a t e  n e i g h b o r h o o d  of the  bubb le .  
When  Vm/V o = 1, the  m e a n  a i r  v e l o c i t y  in e a c h  v o r t e x p i p e  i s  equa l  t o t h e  a x i a l v e l o c i t y  
of the p ipe  wa i l s .  When  Vm/V o < 1, the  p ipe  f r i c t i o n ,  f a r  f r o m  r e s t r a i n i n g  the  a i r  flow 
u n d e r  the  a c t i o n  of the  h y d r o s t a t i c  p r e s s u r e  g r a d i e n t ,  would a c t u a l l y  a id  i t .  In  t h e s e  
c i r c u m s t a n c e s  the  mode l  of Cox and Clayden  canno t  be  r e g a r d e d  a s  a p p l i c a b l e .  F o r  
t h i s  r e a s o n  we p r o p o s e  a m o d i f i c a t i o n  of the  mode l .  We s u p p o s e  s i m p l y  t ha t  w h e n  the  
mode l  m o v e s  t h r o u g h  uni t  d i s t a n c e ,  enough  a i r  h a s  to  be  supp l i ed  to f i l l  un i t  l e n g t h  of 
newly  l a id  twin  v o r t e x  t r a i l .  We now d e r i v e  an  e x p r e s s i o n  fo r  the  e n t r a i n m e n t  on 
t h i s  b a s i s .  

Fo l lowing  Cox and  Clayden  and c o n s i d e r i n g  the  v e r t i c a l  m e r i d i a n  p l a n e  t h r o u g h  
the  cav i ty  (Sec t ion  AA of Fig.  2), we w r i t e  

2 2 
v I - v u = 2g(H 4 - Hu) 

where v I and vo are the velocities and H£ and H u the hydrostatic heads ofwater onthe 
upper and lower surfaces of the cavity. The circulation, V, whichis setup in this way 
round the cavity is given by 

[~= f v d s  
c 

dm ¸ 

_i 
a 

Fig. 2 - Cavity behind a disc 

A. 
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where  c i s  the t r a c e  of the cav i ty  on the v e r t i c a l  m e r i d i a n  plane.  F o r  suf f ic ien t ly  
s l e n d e r  c a v i t i e s  th is  i n t eg ra l  may  be a p p r o x i m a t e d  as  fol lows:  

r =  f v ( x )  d x = f  ( V l - V u )  dx 
c 0 

where  the x axis  i s  p a r a l l e l  to the d i r e c t i o n  of the main  flow and ~ (see  Fig .  2) i s  the 
length of the bubble.  Since 

_ 2 2 v 1 - v u = ( v }  - v : ) / ( v  I + v u)  ~ (V l  2 v u ) /  v o 

then 7 can be fu r t he r  approx imated :  

gf0 F' = ~ (H 1 - Hu)  dx  

= ~  ~ 
Wo 4" drn'~ 

whe re  C has  been a p p r o x i m a t e d  by an e l l i p se ,  so  that  the i n t e g r a l  then b e c o m e s  the 
a r e a  of the e l l i p se .  

If we neg lec t  the inc l ina t ion  of the t r a i l i ng  v o r t i c e s  to the ho r i zon ta l  and a s s u m e  
that  the ax ia l  ve loc i ty  of the w a t e r  in the ne ighborhood  of the v o r t i c e s  ( suf f ic ien t ly  fa r  
downs t ream)  is  %,  then the t r a n s v e r s e  ve loc i ty ,  qc, round the p e r i p h e r y  of the v o r t e x  
tubes  i s  g iven by B e r n o u l l i ' s  equat ion.  Thus 

1 I p(v:  + qc) = Po + '2pv :  PC + 2  

i.e., 
2 2 

q c  = v ° o- 

where  ¢ i s  the cav i ta t ion  n u m b e r .  In ca lcu la t ing  qc, Cox and Clayden a l low for  the 
inc l ina t ion  of the v o r t i c e s  and so include an addi t ional  t e r m  which has ,  howeve r ,  only 
a v e r y  s m a l l  inf luence ,  at l e a s t  in our  r ange  of e x p e r i m e n t a l  condi t ions .  

The  d i a m e t e r ,  a, of the  v o r t e x  c o r e s  i s  then g iven  by 

a = F / ~ q  c 

whence  
a 2 = g2d  2 4 2 / 1 6  v : o - .  

A c c o r d i n g  to our  v iew the vo lume  of gas  en t r a ined  p e r  unit  t i m e  is  g iven  by 

Hence  the nond imens iona l  e n t r a i n m e n t  coef f ic ien t ,  CQd , based  on d i sc  d i a m e t e r ,  i s  
g iven  by 

470 



o r  

A i r  E n t r a i n m e n t  B e h i n d  A r t i f i c i a l l y  I n f l a t e d  C a v i t i e s  

COd ~ rod2 : ~  - ~-2 v 4 ~  

: ~ . (1) 
COd 32 F 4 

I t  iS k n o w n  f r o m  t h e  e x p e r i m e n t s  o f  R e i c h a r d t  (3) on  c a v i t i e s  f o r m e d  b e h i n d  a 
c i r c u l a r  d i s e  t h a t  

( d / d m ) 2  = 1 .1o r  

to  a v e r y  g o o d  d e g r e e  o f  a p p r o x i m a t i o n .  W i t h  t h i s  a p p r o x i m a t i o n  we  earl  w r i t e  

CQd : 3s .  2 F 4 c~ 2 ' (2) 

T h e  r a t i o  ~ /d  i s  a l s o ,  o f  c o u r s e ,  a f u n c t i o n  o f  ~ f o r  c a v i t i e s  b e h i n d  a c i r c u l a r  d i s c  a n d  
s o  COd i s  a f u n c t i o n  o f  F a n d  ~. R e i c h a r d t ' s  e x p e r i m e n t s  a l s o  s h o w  t h a t  a s  a r o u g h  
a p p r o x i m a t i o n  we  m a y  w r i t e  

d / ~  = 0 .7  ¢z 

o v e r  a l i m i t e d  r a n g e  ( s a y  0 . 0 4  < ~ < 0 .12 ) .  If  we  i n c o r p o r a t e  a l s o  t h i s  a p p r o x i m a t i o n  
we  f i nd  t h a t  

CQd : Tr /15,8  F 4 c  ~4 . (3) 

T h i s  m a k e s  i t  i n t e l l i g i b l e  t h a t  i t  w a s  f o u n d  p o s s i b l e  in  t h e  C a i t e c h  w o r k  to  o b t a i n  a 
r o u g h  c o r r e l a t i o n  b e t w e e n  CQd a n d  crF. In  f a c t  (3) i s  in  r e a s o n a b l e  a c c o r d  w i t h  t h e  
C a l t e c h  r e s u l t s  a t  t h e  l o w e r  r a t e s  o f  e n t r a i n m e n t .  

EXPERIMENTAL ARRANGEMENT A N D  PROCEDURE 

The measurements reported here were made on the small water whirling arm at 
the Admiralty Research Laboratory; as compared with a water tunnel of normal type 
this equipment offers ready dispersal of entrained air and relatively small boundary 
wall interference. The inner radius of the channel is 3.8 ft and the outer radius 6.8 ft; 
in these tests the model was positioned at the 5-ft radius. For most of the tests the 
model was maintained ,at 8-1/2 in. below the surface in water depth of 18 in. In 
addition some measurements were also made in different depths of water and with 
different vertical positions for the model. 

The models consisted of a number of interchangeable discs of different diameters 
mounted at the front end of a sting, which was in turn carried on a supporting strut 
(see Fig. 3). Provision was made for air to be supplied to the back of the discs and 
for measurements of dynamic head and cavity pressure. 

A rotating seal and conduit permitted a continuous supply of air to be brought 
from outside the arm to the model. A second seal was used to take a direct con- 
nection to the manometer used for measuring cavity pressure. In the case of the 
dynamic head, which involved measuring a wide range of pressures, a strain-gauge 
transducer which could be placed to take advantage of the balancing effect of radial 
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Fig. 3 - Disc (3/4 in.) mounted in position on whirling arm 

a c c e l e r a t i o n  was  used .  P r e s s u r e  m e a s u r e m e n t  and all  f i l t e r ing ,  m e t e r i n g ,  and con t ro l  
of the  a i r  supply  took p l ace  off the a r m .  

In m o s t  c a s e s  the  p r o c e d u r e  adopted  was  to make  a s e q u e n c e  of o b s e r v a t i o n s  all  
at the s a m e  mode l  s p e e d  but with d i f f e r ing  a i r  supply  r a t e s .  In i t i a l ly  the  a i r  was  
supp l i ed  a t  a high r a t e  and then  the  a i r  supply  valve  was  c l o s e d  s tep  by s t ep ,  the a i r  
supply,  to ta l  head,  and cavi ty  p r e s s u r e  be ing  m e a s u r e d  and the mode l  s p e e d  checked  
at each  s t age .  When even tua l ly  the  cavi ty  was  on the  v e r g e  of c o l l a p s e ,  the p r o c e s s  
was  r e v e r s e d .  

A typ ica l  e x a m p l e  of the r e s u l t s  ob ta ined  i s  g iven  in Fig .  4. It can  be s e e n  tha t ,  
as  the a i r  supply  valve  was  c l o s e d ,  the cav i ty  p r e s s u r e  fel l  s t e ad i l y  unti l  a point  A 
was  r e a c h e d  at  which a f u r t h e r  s m a l l  a d j u s t m e n t  of the valve in the s a m e  d i r e c t i o n  
caused  a s h a r p  change to cond i t ions  of l o w e r  cav i ty  p r e s s u r e  as  at point  B. It was  
not found p o s s i b l e  to hold  the c a v i t y p r e s s u r e  at  any i n t e r m e d i a t e  point  by a d j u s t m e n t  
of the a i r  supply .  If the p r o c e s s  was  con t inued  the  p r e s s u r e  d r o p p e d  unt i l  the cavi ty  
sudden ly  c o l l a p s e d  and a f u r t h e r  l a r g e  r educ t i on  in p r e s s u r e  o c c u r r e d .  

Reversing the process andre-forming a clear cavity, a similar change occurred, 
this time in the opposite direction and at a considerably greater rate of flow (C to D) 
but otherwise the results remained the same. The cavity pressure showed great 
sensitivity to speed fluctuation but was relatively insensitive to changes of air supply 
at high cavity pressures. 

The r i g h t - h a n d  s ec t i on  of the e n t r a i n m e n t  cu rve  of Fig.  4 was  o b s e r v e d  to c o r -  
r e s p o n d  to the  t r a i l i n g  v o r t e x  r e g i m e  and the l e f t - h a n d  s ec t i o n  to the r e - e n t r a n t  j e t  
r e g i m e .  The m e a s u r e m e n t s  r e p o r t e d  in th i s  p a p e r  apply only to the t r a i l i n g  v o r t e x  
r e g i m e .  In th i s  p a p e r  the point  A has  been  t aken  as  r e p r e s e n t i n g  the t r a n s i t i o n  point  
be tween  the  t r a i l i n g  v o r t e x  r e g i m e  and the r e - e n t r a n t  je t  r e g i m e .  
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Fig. 4 - Results obtained with a I/Z-in. disc 
8-I/2 in. deep with a speed of 18 fps 

Figu re  5 shows  a pho tograph  of a c a v i t y w i t h  a p a i r  
of t r a i l i ng  v o r t i c e s  behind  it. The a p p e a r a n c e  does  not 
a c c o r d  wel l  with the idea  of a i r  f lowing along a pipe:  at 
l e a s t  it  might  equal ly  wel l  be supposed  on th i s  ev idence  
that  the bubbles  f i l l ing the tubes  a r e  s imp ly  lef t  behind 
in the  wa t e r .  

DISCUSSION OF E X P E R I M E N T A L  RESULTS 

The main  r e s u l t s  a r e  p r e s e n t e d  in g r a p h i c a l  fo rm 
in F igs .  6 to 8, w h e r e  COd is p lo t ted  aga ins t  c fo r  v a r -  
ious d isc  s i z e s  and for  v a r i o u s  mode l  s p e e d s .  Individual  
e x p e r i m e n t a l  po in t s  a r e  not plot ted;  in fact  a g r e a t  
many o b s e r v a t i o n s  w e r e  made  and t h e s e  def ine  the 
e x p e r i m e n t a l  c u r v e s  shown v e r y  c lo se ly .  The r i g h t -  
hand end of each  curve  in F i g s .  6 to 8 c o r r e s p o n d s  to 
the point  in Fig.  4 l abe led  A at which t r a n s i t i o n  to the 
r e - e n t r a n t  je t  r e g i m e  o c c u r s .  

The r e s u l t s  p r e s e n t e d  in F igs .  6 to 8 have a l r e a d y  
been  c o r r e c t e d  for  i n t e r f e r e n c e  e f f ec t s  f r o m  the f r e e  
s u r f a c e  and the channel  f loor .  To obtain t h e s e  c o r -  
r e c t i o n s ,  s e t s  of m e a s u r e m e n t s  w e r e  made  in v a r i o u s  
dep ths  of w a t e r ,  in s o m e  c a s e s  with the model  he ld  at a 
f ixed height  above the bo t tom and in o t h e r s  with the 
mode l  he ld  at a f ixed depth  below the f r e e  s u r f a c e .  It 
was  found that  for  each b o m l d a r y t h e  e f f e c t o f  an a l t e r a -  
t ion of boundary  pos i t ion  was  to move the e n t r a i n m e n t  
curve  bodi ly  p a r a l l e l  to the ax i s  of ~ by an amount  
depending  on the  d i s t ance ,  e x p r e s s e d  in mode l  d i a m e -  
t e r s ,  of the mode l  f r o m  the boundary .  As the e f fec t  
d i m i n i s h e s  quite r ap id ly  with i n c r e a s e  in d i s t a n c e  it 

4q3 

Fig. 5 - Cavity with 
trailing vortices 
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F i g .  7 - E n t r a i n m e n t  c o e f f i c i e n t  v e r s u s  
c a v i t a t i o n  n u m b e r ;  3 / 4 - i n .  d i s c  

w a s  found p o s s i b l e  to e s t i m a t e  the c a v i t a t i o n  n u m b e r  for  a g i v e n  e n t r a i n m e n t  c o e f -  
f i c i en t  in unbounded f low,  %, and e x p r e s s  the e f f e c t  of  boundary  i n t e r f e r e n c e  a s  the 
d i f f e r e n c e  in c a v i t a t i o n  n u m b e r s ,  % - a. The  e x p e r i m e n t a l  r e s u l t s  a r e  s u m m a r i z e d  
in F ig .  9. T h i s  i n c l u d e s  m e a s u r e m e n t s  made  at d i f f e r e n t  r a t e s  of  e n t r a i n m e n t ,  F r o u d e  
n umber ,  and R e y n o l d s  n u m b e r .  

The  boundary  e f f e c t s  on e n t r a i n m e n t  are  p r e s u m a b l y  a s s o c i a t e d  d i r e c t l y  w i th  the 
boundary  e f f e c t s  on the g e o m e t r i c a l  conf igura t ion  of  the c a v i ty .  A r g u i n g  f r o m  the  
t h e o r y  of  tunnel  boundary  e f f e c t s  on c a v i t i e s  and f r o m  the t h e o r y  of  e n t r a i n m e n t  ou t -  
l ined  above ,  the p r o x i m i t y  of  a f r e e  s u r f a c e  might  be e x p e c t e d  at a g i v e n  o to m a k e  
s m a l l e r  both the c a v i t y  and the gas  supply  r e q u i r e d  to mainta in  it .  In the s a m e  w a y  
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the  p r o x i m i t y  of  a f ixed  s u r f a c e  migh t  be expec t ed  to have the oppos i t e  e f fec t .  Th i s  
a t  l e a s t  exp l a in s  qm~litaUvely what  ac tua l ly  o c c u r s .  It should  be no ted  in th i s  con-  
nec t ion  tha t  the  b o t ~ m  and  s i d e s  of  the  channe l ,  be ing  c o v e r e d  with a n t i - s w i r l  b a r -  
r i e r s ,  a r e  a r a t h e r  c o m p l e x  shape .  

The d i s t a n c e  of  the  n e a r e s t  s i d e  wal l  f r o m  the mode l  pos i t ion  was  14 t i m e s  the 
d i a m e t e r  of the  l a r g e s t  d i s c .  Not ing the  e f fec t  of the bo t tom at t h i s  d i s t an ce  it was  
c o n s i d e r e d  r e a s o n a b l e  to  r e g a r d  bounda ry  i n t e r f e r e n c e  f r o m  the s ide  wa l l s  as  
neg l ig ib ly  s m a l l .  

Comparison between the entrainment c u r v e s  ob ta ined  at the s a m e  F ro u d e  n u m b e r  
but wi th  d i f f e r e n t  d i s c  s i z e s  s h o w s  tha t  e n t r a i n m e n t  i s  not e x c l u s i v e l y  a funct ion of F 
and a. F o r  e x a m p l e ,  t he  e n t r a i n m e n t  c u r v e  for  the 1 / 2 - i n .  d i sc  at 18 fps  is  roughly  
p a r a l l e l  to  the  e n t r a i n m e n t  c u r v e  fo r  the 3 / 4 - i n .  d i s c  at 22 fps  but is  d i s p l a c e d  f r o m  
it a long the  o ax is :  t h e s e  two  v a s e s  c o r r e s p o n d  to the s a m e  F ro u d e  n u m b e r .  The 
e f fec t  i s  s m a l l  but s e e m s  qui te  de f in i t e .  

~It a p p e a r s  t ha t  t he  e n t r a i n m e n t  c u r v e s  (for  the twin v o r t e x  r e g i m e )  a r e  bounded 
on the r i gh t  by a va lue  o f  ~ which  d e p e n d s  only on F. F o r  a g iven value of F the 
e n t r a i n m e n t  c u r v e s  f o r  the  l a r g e r  d i s c s  l ie  above those  for  the s m a l l e r  d i s c s .  F ig -  
u r e s  10, 11, and 12 illusL.-aie t he  s i tua t ion .  

In F ig .  10 m e a s u r e m e m t s  of  e n t r a i n m e n t  al l  at the s a m e  ~ a r e  p lo t t ed  aga ins t  F 
fo r  the  d i f f e r e n t  d i s c s .  The  e v i d e n c e  i s  l i m i t e d  b e c a u s e  it i s  d i f f icul t  to s e l e c t  the 
da ta  n e c e s s a r y  fo r  c o n s t r u c t i n g  s u c h  a d i a g r a m .  The po in t s  c l e a r l y  do not def ine  a 
s ing le  c u r v e  but  show a s y s t e m a t i c  t r e n d  of i n c r e a s i n g  e n t r a i n m e n t  with i n c r e a s i n g  
d i sc  s i z e .  

Again inFig, l l ,  in which  the minimum value of Cod capable of sustaininga cavity 
in the twin vortex regime is given as a function of F for the various discs, the data, 
although somewhat scattered, define fairly clearly, roughly parallel curves, one for 
eachdisc, and the value ofmuinimum COd for agiven value of F increases withincreas- 
ing disc s i z e .  
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In F ig .  12 the  h ighes t  v a l u e s  of ~ at which  a cav i ty  with  the twin vor te x  r e g i m e  
can be s u s t a i n e d  are  plotted aga ins t  F for the v a r i o u s  d i s c s .  It fo l lows  f r o m  the 
s m a l l n e s s  of the s c a t t e r  that ~ and F are  the pr inc ipa l  f ac tor s  which  govern  the 
t rans i t i on  condit ion.  

A few m e a s u r e m e n t s  w e r e  devoted to a check  on the p o s s i b i l i t y  that s u r f a c e  
t ens ion  might  af fect  en tra inment .  By adding enough T e e po l  to the w a t e r  to g ive  an 
0.043 percent  so lut ion,  the sur face  t ens ion  w a s  reduced  f rom 62 d y n e s / c m  to 43 
d y n e s / c m ,  i . e . ,  by 34 percent .  When the e n t r a i n m e n t  curve for a 1 / 2 - i n .  d i s c  moving  
at 18 fps through this  solut ion w a s  c o m p a r e d  with  the c o r r e s p o n d i n g  curve  obta ined 
with  uncontaminated  w a t e r ,  no d i f f erence  could be d i s t ingu i shed .  
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F i g .  lZ V a r i a t i o n  of m a x i m u m  o b t a i n a b l e  
c a v i t a t i o n  n u m b e r  w i t h  F r o u d e  n u m b e r  

A c c o r d i n g l y  i t  s e e m s  un l ike ly  t h a t  the  p a r a m e t e r s ,  o t h e r  than  F and  or, on wh ich  
CQd d e p e n d s  inc lude  the  W e b e r  n u m b e r .  The  e f f e c t s  which  we have  d e s c r i b e d  m a y  
p o s s i b l y  be R e y n o l d s  n u m b e r  e f fec t s ;  s i n c e  the  v i s c o s i t y  h a s  not  b e e n  v a r i e d ,  how- 
e v e r ,  i t  i s  i m p o s s i b l e  to a s s e r t  t h a t  t h i s  i s  the  c a s e .  

The condi t ion  for  t r a n s i t i o n  f r o m  one f low r e g i m e  to the o ther  i s  e x t r e m e l y  
important .  Once  the t r a i l i n g  v o r t e x  r e g i m e  t a k e s  o v e r ,  the e n t r a i n m e n t  ra te  can r i s e  
e x c e e d i n g l y  rap id ly .  It i s  of  i n t e r e s t  to note  f r o m  Fig .  12 that  the t r a n s i t i o n  condi t ion  
i s  quite  w e l l  a p p r o x i m a t e d  by the r e c t a n g u l a r  h y p e r b o l a  c~F = 1. 

F i n a l l y  we c o m p a r e  the  e x p e r i m e n t a l  r e s u l t s  wi th  the  t h e o r e t i c a l  p r e d i c t i o n s .  
In add i t i on  to the  e x p e r i m e n t a l l y  d e t e r m i n e d  c u r v e s ,  F i g s .  6 to  8 show a l so  s o m e  
c o r r e s p o n d i n g  t h e o r e t i c a l  c u r v e s .  T h e s e  have  b e e n  d e r i v e d  f r o m  Eq.  ( 2 ) u s i n g  
R e i c h a r d t ' s  v a l u e s  of ~/d a s  a func t ion  of ~. It  wi l l  be  o b s e r v e d  t ha t  the  t h e o r y  
a c c o u n t s  for  the  m e a s u r e m e n t s  in  b r o a d  ou t l i ne .  
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A i r  E n t r a i n m e n t  B e h i n d  A r t i f i c i a l l y  I n f l a t e d  C a v i t i e s  

T h e  c a s e s  w h e r e  t h e  m e a s u r e d  v a l u e  o f  CQd l i e s  b e l o w  t h e  v a l u e  g i v e n  by  E q .  (2) 
a r e  c a s e s  w h i c h  w o u l d  i n v o l v e  v a l u e s  o f  vm/v o l e s s  t h a n  1 in  t h e  m o d e l  o f  C o x  a n d  
C l a y d e n .  I t  i s  f o r  t h i s  r e a s o n  t h a t  we  r e g a r d  t h e  t h e o r y  o f  C o x  a n d  C l a y d e n  a s  no t  
a p p l i c a b l e  in  o u r  r a n g e  o f  e x p e r i m e n t a l  c o n d i t i o n s .  T h e  m o d e l  o f  C o x  a n d  C l a y d e n  
m a y ,  o f  c o u r s e ,  be  a p p l i c a b l e  a n d  o u r  m o d i f i e d  v e r s i o n  no t  a p p l i c a b l e  a t  h i g h e r  
e n t r a i n m e n t  r a t e s .  

T h e  f a c t  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  b r o a d l y  d e s c r i b e d  b y  a t h e o r y  w h i c h  
p r e d i c t s  d e p e n d e n c e  o n l y  on  F a n d  ~ n a t u r a l l y  c o n f i r m s  t h a t  t h e s e  a r e  i n d e e d  t h e  m a i n  
p a r a m e t e r s  on  w h i c h  t he  e n t r a i n m e n t  d e p e n d s .  

A C K N O W L E D G M E N T  

A c k n o w l e d g m e n t  i s  d u e  to  t h e  A d m i r a l t y  f o r  p e r m i s s i o n  to  p u b l i s h  t h i s  p a p e r .  

N O M E N C L A T U R E  

a = d i a m e t e r  o f  v o r t e x  c o r e s  

Cqd = a i r  e n t r a i n m e n t  c o e f f i c i e n t  b a s e d  o n  d i s c  d i a m e t e r  = Q/rod2 

d = d i s c  d i a m e t e r  

d m = m a x i m u m  d i a m e t e r  o f  c a v i t y  

F = F r o u d e  n u m b e r  b a s e d  on  d i s c  d i a m e t e r  = Vo/(gd)  1/2 

g = a c c e l e r a t i o n  d u e  to  g r a v i t y  

H = h y d r o s t a t i c  h e a d  o f  w a t e r  

= l e n g t h  of  c a v i t y  

po = f r e e  s t r e a m  p r e s s u r e  

Pc = c a v i t y  p r e s s u r e  

Q = v o l u m e  o f  a i r  a t  c a v i t y  p r e s s u r e  e n t r a i n e d  p e r  s e c o n d  

qc = t r a n s v e r s e  v e l o c i t y  a t  p e r i p h e r y  o f  v o r t e x  c o r e  

v o = f r e e  s t r e a m  v e l o c i t y  

v m = m e a n  a i r  v e l o c i t y  in  v o r t e x  c o r e s  in t h e  t h e o r e t i c a l  m o d e l  o f  C o x  a n d  
C l a y d e n  

r ~ = c i r c u l a t i o n  r o u n d  v o r t e x  t u b e s  

= e q u i v a l e n t  f r i c t i o n  c o e f f i c i e n t  f o r  a i r  f low in  v o r t e x  t u b e s  in t h e  t h e o r e t i c a l  
m o d e l  o f  C o x  a n d  C l a y d e n  

p = d e n s i t y  o f  w a t e r  

1 p v :  = c a v i t a t i o n  n u m b e r  = (Po - P c ) / -  
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DISCUSSION 

W. A. Clayden (Armament  Research  and Development Establishment)  

It was our exper ience also that for low values  of ¢qd (say l ess  than 0.5) the 
vor tex  tubes degenerated into t r a i l s  of bubbles and it is presumably a consequence of 
the bubble format ion that there  are  no effects  of the hydrostat ic p r e s s u r e  gradient 
along the vor tex tubes. For a steady flow pat tern  to be maintained s imi la r  to that 
shown in the author ' s  Fig. 6, the ra te  at which the bubbles entrain ai r  must be equal 
to the ra te  at which the vor tex  tubes are  laid down. For  large  air  entra inment  ra tes ,  
however,  fully formed tubes exis t  for some distance behind the cavity. In general ,  
u , , /u  o will not be unity and in our exper iments  values up to 5 were measured.  

It is  perhaps  worth pointing out that if these data are  used t o p r e d i c t  the t r a j e c -  
tory of a miss i le ,  the ai r  entra inment  rate  will  be modified, since the circulat ion 
around the cavity which produces  the vor t i ces  is proport ional  to cos 8, where ~ is the 
angle between the longitudinal axis of the cavity and the horizontal,  and also depends 
upon the lift force.  

K. L. Wadlin (National Advisory Commit tee  for Aeronautics) 

The authors cer ta inly have a r r ived  at a s imple relat ionship for the case they 
considered,  that is, where the cavity walls are  not turbulent. It would be interes t ing 
to know if the case where the cavity walls are  turbulent has been considered by them. 
This is of in te res t  since there is a significant difference between the cha rac t e r  of 
the cavity surface shown in the photograph and thatwhich we exper ience at the NACA. 
The photograph indicates very smooth flow along the cavity boundaries by vir tue of 
the glassy c l ea rness  of the cavity. Our experience,  at somewhat higher speeds, has 
been that the cavity boundary, except for an ex t remely  smal l  distance near  its origin, 
is opaque, indicating turbulence. This is true with andwithout gas being injected into 
the cavity. This may mean that at low Reynolds numbers  the cavity walls  do not 
entrain the gas but only the turbulent t ra i l ing  vor t ices ,  while at the higher Reynolds 
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n u m b e r s  the  cav i ty  w a l l s  would be  a l a r g e  f a c t o r  in  the e n t r a i n m e n t  p r o c e s s .  It  
s e e m s  t h a t  the  m e t h o d  of a n a l y s i s  u s e d  h e r e  m i g h t  be  ex t ended  to hand le  t h i s  c a s e  
a lso .  

I. J .  C a m p b e l l  and  D. V. H i l b o r n e  

Mr .  C l a y d e n ' s  r e m a r k s  imp ly  tha t ,  e v e n  when  the  t r a i l i n g  v o r t e x  r e g i m e  ho lds  
sway,  t h e r e  a r e  s t i l l  two p o s s i b l e  s i t ua t i ons .  In the  one s i tua t ion ,  a t  r e l a t i v e l y  low 
ai r f lows~ the  a i r - f i l l e d  v o r t e x  t u b e s  b r e a k  up in to  b u b b l e s  and  t h i s  i s  the s i t u a t i o n  in 
our  e x p e r i m e n t s .  In the  o t h e r  s i t ua t ion ,  a t  h igh  e n t r a i n m e n t  r a t e s ,  ful ly f o r m e d  t u b e s  
e x i s t  fo r  s o m e  d i s t a n c e  b e h i n d  the  cav i ty  and  t h a t  s i t u a t i o n  was  r e a l i z e d  in the  e x p e r -  
i m e n t s  of Cox and  Clayden .  We a g r e e  wi th  t h i s  sugges t ion .  

We a g r e e  too  wi th  Mr .  C l a y d e n ' s  r e m a r k  t h a t  the  a i r  e n t r a i n m e n t  r a t e  m u s t  be  
m o d i f i e d  when  the  d i r e c t i o n  of m o t i o n  i s  no  l o n g e r  n o r m a l  to the d i r e c t i o n  of g r a v i t y  
and  m u s t  depend  a l s o  on the  l i f t  fo rce .  A p p r o p r i a t e  e x p e r i m e n t s  would be  i n t e r e s t i n g .  

Wi th  r e g a r d  to Mr .  W a d l i n ' s  c o m m e n t s  i t  h a s  b e e n  ou r  e x p e r i e n c e  t h a t  c l e a r  
c a v i t i e s  a r e  a s s o c i a t e d  wi th  the  t r a i l i n g  v o r t e x  r e g i m e .  The  only opaque c a v i t i e s  
wh ich  we have  e n c o u n t e r e d  have  b e e n  a s s o c i a t e d  wi th  the  r e - e n t r a n t  j e t  r e g i m e :  in 
t h e s e  c i r c u m s t a n c e s  the  wal l  r o u g h n e s s  a r i s e s  f r o m  the  r e - e n t r a n t  j e t  s p l a s h i n g  onto 
the  cav i ty  wall .  Wha t  h a p p e n s  in the  r e - e n t r a n t  j e t  r e g i m e  i s  ou t s ide  the  c o m p a s s  of 
the  p r e s e n t  p a p e r .  L igh t  m i g h t  be  t h r o w n  on the po in t  which  Mr.  Wadl in  h a s  r a i s e d  
by e x p e r i m e n t s  wi th  r o u g h e n e d  d i s c s  b e h i n d  which  c a v i t i e s  in the  t r a i l i n g  v o r t e x  
r e g i m e  a r e  p roduced .  

The  a u t h o r s  w i s h  to t h a n k  Mr.  C layden  and  Mr .  Wadl in  fo r  t h e i r  w r i t t e n  con -  
t r i b u t i o n s .  
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